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Two putative structural genes, orf tmp (tape measure protein) and orf bpp (baseplate protein), of the temperate lactococcal
phage TP901-1 were examined by introduction of specific mutations in the prophage strain Lactococcus lactic ssp. cremoris
901-1. The adsorption efficiencies of the mutated phages to the indicator strain L. lactic ssp. cremoris 3107 were determined
and electron micrographs were obtained. Specific mutations in orf tmp resulted in the production of mostly phage head
structures without tails and a few wild-type looking phages. Furthermore, construction of an inframe deletion or duplication
of 29% in orf tmp was shown to shorten or lengthen the phage tail by approximately 30%, respectively. The orf tmp is
proposed to function as a tape measure protein, TMP, important for assembly of the TP901-1 phage tail and involved in tail
length determination. Specific mutations in orf bpp produced phages which were unable to adsorb to the indicator strain and
electron microscopy revealed particles lacking the baseplate structure. The orf bpp is proposed to encode a highly
immunogenic structural baseplate protein, BPP, important for assembly of the baseplate. Finally, an assembly pathway of the
TP901-1 tail and baseplate structure is presented. © 2000 Academic PressKey Words: Lactococcus bacteriophage; TP901-1; mutagenesis; structural genes; adsorption; tail protein; tape measure
protein; baseplate protein.INTRODUCTION
Lactococcus lactis is an important industrial bacterium
that among other things is used in starter cultures for the
manufacturing of cheese. Infection of the starter culture
by bacteriophages can lead to the death of the bacteria
and be fatal for the fermentation process (Sanders, 1987).
In order to construct phage-resistant starter cultures,
naturally occurring phage resistance mechanisms, such
as plasmid-encoded phage resistance, have been stud-
ied intensively in L. lactis (reviewed by Klaenhammer and
Fitzgerald, 1994). A way to design new phage-resistant
modules is to focus research on the genetic elements
and proteins involved in the interaction between an at-
tacking lactococcal phage and its host. Recently se-
quencing and sequence analysis of entire lactococcal
phage genomes have been published (Schouler et al.,
1994; Lubbers et al., 1995; van Sinderen et al., 1996;
Chandry et al., 1997). However, only limited information
on the molecular biology of lactococcal phages is avail-
able and just a few studies have been reported on the
virion proteins of lactococcal phages (Arendt et al., 1994;
Boyce et al., 1995b; Jarvis et al., 1995; Johnsen et al.,
995; Lubbers et al., 1995).1 To whom correspondence and reprint requests should be ad-
ressed. Fax: 145 35283231. E-mail: fkv@biobase.dk.
315Phages of lactococcal starters have been classified in
12 different species, of which small isometric-headed
and prolate-headed phages are the most frequently iso-
lated (Jarvis et al., 1991). TP901-1 is a temperate lacto-
coccal phage and as r1t and Tuc2009 it belongs to the
P335 class of small isometric-headed phages (Braun et
al., 1989; Jarvis et al., 1991). In a previous study several
structural proteins of TP901-1, e.g., major tail, major head,
baseplate, and a neck passage structure protein, were
identified by SDS–PAGE and immunogold labeling of
TP901-1 virions (Johnsen et al., 1995). The locations of
the respective genes in the phage genome were deter-
mined by protein expression studies (Johnsen et al.,
1996).
The 59-terminal part of an open reading frame, orf tmp
(tape measure protein; previously named b4), was iden-
tified by Johnsen et al. (1996) and was shown to be
located in the late transcribed region of the TP901-1
phage genome (Madsen and Hammer, 1998). In order to
determine the function of orf tmp, this orf was sequenced
and examined by mutational analysis. Based on the
alignments of multiple phage gene maps performed by
Lucchini et al. (1998) and on sequence analysis per-
formed in this study we propose that ORF TMP of
TP901-1 has a function similar to that of gpH of l phage.
The gpH of l phage has been shown to function as a
tape measure protein involved in tail length determina-
0042-6822/00 $35.00
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316 PEDERSEN ET AL.tion and is proposed to be involved in the adsorption and
infection process (Katsura and Hendrix, 1984; Katsura,
1987). In order to determine the function of ORF TMP we
introduced a specific amber mutation, a duplication, and
inframe deletions in the 59- and 39-terminal parts of orf
tmp in the lysogenic strain L. cremoris 901-1. Our results
how that ORF TMP is essential for tail assembly and
nvolved in tail length determination.
Furthermore, Johnsen et al. (1995) showed that a pro-
ein encoded on a 1.8-kb EcoRV–ClaI fragment of the
P901-1 genome was located in the baseplate structure
f phage TP901-1 and therefore possibly involved in the
ost interaction. The orf bpp (baseplate protein) identi-
ied in this study was proposed to encode a baseplate
omponent and was examined by mutational analysis.
ur results identified ORF BPP as a highly immunogenic
aseplate component.
Finally, by comparing the tail assembly pathway of l
phage (Hendrix, 1988) with the results obtained in this
work an assembly pathway of the TP901-1 tail and base-
plate structures is presented.
RESULTS
Sequence analyses
The 59-terminal part of an open reading frame, orf tmp
(previously named orf b4), located in the late transcribed
region of the TP901-1 phage genome (Fig. 1) (Madsen
and Hammer, 1998) had been proposed to function as a
host interacting protein (Johnsen et al., 1996). A TP901-1
genome library (Christiansen et al., 1994) was used to
determine the complete sequence of orf tmp. Nucleotide
sequence analysis identified an orf tmp of 2814 bp en-
coding a putative protein of 937 amino acids with an
FIG. 1. Restriction map of the TP901-1 phage genome. The circular
he regions encoding the major head protein, MHP, the major tail prot
re shown above the restriction map (modified after Christiansen et a
indicated with dotted lines and the identified orfs are shown below the
protein and orf bpp is suggested to encode a baseplate protein.estimated Mr of 100 kDa. In homology searches the
C-terminal part of ORF TMP showed 31% identity over258 amino acids with the putative gene product of orf 42
from the lactococcal phage r1t, which encodes a putative
structural component of 68 kDa (van Sinderen et al.,
1996). The N-terminal part of ORF TMP showed minor
sequence homology with ORFs from phages of L. lactis,
Escherichia coli, Staphylococcus aureus, Streptococcus
thermophilus, and Bacillus subtilis. These ORFs are lo-
cated in the late transcribed region of their respective
phage genomes and encode large proteins, of which
several have been proposed to function as minor tail
proteins (Table 1).
By comparing the structural gene maps of phages
from gram-positive and -negative bacterial hosts, Luc-
chini et al. (1998) revealed that the phages had a com-
on genomic organization and it was proposed that the
ene map from l phage could be useful in predicting
ene functions in other phages. In the alignment per-
ormed by Lucchini et al. (1998) the location of orf tmp
from TP901-1 corresponded with gene H of l phage,
hich functions as a tape measure protein. Furthermore,
omputer analyses predicted a highly a-helical second-
ary structure for ORF TMP of TP901-1.
Johnsen et al. (1995) showed that a baseplate compo-
nent of approximately 19 kDa located at the tail distal end
of TP901-1 was encoded on a 1.8-kb EcoRV–ClaI frag-
ment of the TP901-1 genome (Fig. 1). This region was
sequenced and three orfs, all starting with an AUG initi-
ation codon, were identified. Nucleotide sequence anal-
ysis identified an orf bpp of 492 bp encoding a putative
protein of 163 amino acids with an estimated Mr of 17
kDa. The orf bpp was the only orf likely to encode the
19-kDa baseplate component observed by Johnsen et al.
(1995) and was therefore selected for further studies.
The putative ORF BPP showed 64% identity over 62
p phage DNA molecule has been opened at the attachment site, attP.
P, a baseplate component, BPC, and a neck passage structure, NPC,
; Johnsen et al., 1995). The two regions sequenced in this study are
-1 genome map. The orf tmp is suggested to encode a tape measure37.7-kb
ein, MT
l., 1994amino acids with MP1 of the related lactococcal phage
Tuc2009. The function of MP1 is unknown, but was iden-
tructur
317MUTATIONAL ANALYSIS OF TWO STRUCTURAL GENES OF PHAGE TP901-1tified as one of the major structural proteins of Tuc2009,
with a predicted Mr of 19 kDa (Arendt et al., 1994).
Furthermore, ORF BPP showed 33% identity over 104
amino acids with the C-terminal part of ORF 1904 from
the lactococcal phage BK5-T. The gene product ORF
1904 was reported to be located at the tail tip of phage
BK5-T and was suggested to be involved in cell wall
hydrolysis (Boyce et al., 1995a,b). The size of the putative
gene product encoded by orf bpp and the sequence
homologies to structural proteins of the related lactococ-
cal phages Tuc2009 and BK5-T suggest that orf bpp
encodes the baseplate protein previously identified
(Johnsen et al., 1995).
Construction of specific mutations in orf tmp and orf
bpp of phage TP901-1
Specific mutations and new restriction sites were in-
troduced in orf tmp and in orf bpp of TP901-1 in order to
investigate possible functions in the phage–host interac-
tion. A specific amber mutation was constructed at
codon 16 in orf tmp, as described under Materials and
Methods. Three specific nucleotide mismatches intro-
duced by the primers changed the wild-type sequence
.AAT.AAT. to .AAC.TAG., where an AAT asparagine codon
is changed to an AAC asparagine codon and an AAT
asparagine is changed to a TAG amber codon. To ex-
clude the possible polar effect caused by the nonsense
mutation on translation of orfs located downstream orf
tmp an inframe deletion in the C-terminal part of ORF
TMP removing 41% of the putative protein was con-
structed. Furthermore, in order to examine a possible
T
Tail Length, ORF Size and Proposed Functions of l gpH, TP901-1 O
Phage ORFs
Tail length
(nm)
ORF size
(aa)
Lactococcus phages
TP901-1 ORF TMP 135 938 T
TP901-1 ORF TMPDN 85–95 668 T
TP901-1 ORF TMPdup 170–180 1208 T
r1t ORF 42 126 657 S
sk1 ORF 14 144 999 S
E. coli phages
l gpH 135 853 T
Bp 186 gpG ;135 627 M
P2 gp T 135 816 T
Staphylococcus phage
fPVL ORF 15 No tail 695 S
Streptococcus phages
Sfi 19 ORF 1626 230–260 1626 M
Sfi 21 ORF 1560 230–260 1560 M
DT1 ORF 15 260 1279 M
Bacillus phage
SPP1 ORF 18.1 140 646 Sconnection between the tail length of TP901-1 and the
size of ORF TMP, an inframe deletion removing 29% anda duplication that lengthened ORF TMP 29% were con-
structed at the N-terminal part of ORF TMP.
In a similar manner an amber mutation was con-
structed at codon 21 in orf bpp of TP901-1. Three specific
nucleotide mismatches introduced by the primers
changed the wild-type sequence .GAT.GAT. to .GAC.TAG.,
where a GAT aspartic acid codon is changed to a GAC
aspartic acid codon and a GAT aspartic acid codon is
changed to a TAG amber codon. Furthermore, an inframe
deletion removing 75% of orf bpp was constructed.
Gene replacements of phage TP901-1 were performed
in the lysogenic strain L. cremoris 901-1 by homologous
recombination using the temperature-sensitive plasmid
pGhost8 containing mutated TP901-1 DNA. Chromo-
somal DNA comprising suspected mutated prophages
was analyzed by Southern blotting using TP901-1 DNA
as probe (data not shown), and prophages which had a
new restriction site introduced at the amber or deletion
sites were chosen for further studies.
Determination of phage infection and adsorption
efficiencies
In order to determine the infection efficiencies of the
mutated phages, prophages were induced with UV light
and phages were titrated on the indicator strain L. cre-
moris 3107. Prophages containing amber mutations were
induced in the presence or the absence of the amber
nonsense suppressor plasmid, pAK89, that encodes a
tRNA, which can insert a serine at the amber codon TAG
(Dickely et al., 1995). In principle, the liberated and sup-
pressed phages should then be able to propagate lyti-
P, and Phage ORFs with Sequence Homology to TP901-1 ORF TMP
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318 PEDERSEN ET AL.109 PFU/ml on the indicator strain L. cremoris 3107 with
r without the presence of the nonsense suppressor
lasmid pAK89 (Table 2). TP901-1, with an amber muta-
ion in orf tmp, TP901-1(tmpam) or inframe deletions in
the 39-terminal part, TP901-1(tmpDC), or 59-terminal part,
TP901-1(tmpDN) of orf tmp contained 104–105-fold fewer
nfectious phages than the wild-type phage. TP901-
(tmpam) formed small pinpoint plaques on the indicator
train L. cremoris 3107 and was therefore difficult to
numerate. However, when TP901-1(tmpam) was titrated
n L. cremoris 3107 containing pAK89 the PFU/ml was
ncreased almost 100-fold (Table 2). Likewise, TP901-
(tmpam) induced in the presence of pAK89 had an
ncrease of approximately 1000-fold in PFU/ml when ti-
rated on L. cremoris 3107 containing pAK89 over titration
n L. cremoris 3107 without pAK89 (Table 2). Similar
results were obtained when TP901-1(tmpam) was titrated
on L. cremoris 3107 containing the ochre nonsense sup-
pressor plasmid pFDi18, encoding a tRNA, which can
insert a glutamine at codon TAA or TAG (Dickely et al.,
1995), indicating that the ochre suppressor was also able
to suppress the introduced amber mutation in orf tmp
(data not shown). Finally, titration of phages containing a
duplication in orf tmp, TP901-1(tmpdup), was approxi-
mately 10-fold less infectious than the wild-type phage
(Table 2).
In order to determine if the reduced infection efficien-
cies of the mutated phages were caused by reduced
adsorption to the indicator strain or lack of phage parti-
cles in the samples a phage adsorption enzyme-linked
immunosorbent assay (ELISA) was performed (Tortorello
et al., 1991). The indicator strain L. cremoris 3107 was
oated onto microtiter plates and dilutions of phages
TABLE 2
Titration of Phages on Indicator Strains with or without the Amber
Nonsense Suppressor Plasmid pAK89
Induced phages
L. cremoris 3107
(PFU/ml)
L. cremoris 3107
1 pAK89 (PFU/ml)
P901-1 2•109 5•109
TP901-1(tmpam) 105a 2•107b
TP901-1(tmpam) 1 pAK89 5•105a 8•108b
TP901-1(tmpDC) 2•104 n.d.
P901-1(tmpDN) 4•104a n.d.
P901-1(tmpdup) 108 n.d.
P901-1(bppam) 3•104 1•104
TP901-1(bppam) 1 pAK89 1•104 7•103
TP901-1(bppD) 3•102c n.d.
Note. n.d., not done.
a Pinpoint plaques.
b Plaques formed on L. cremoris 3107 containing the amber non-
sense suppressor plasmid pAK89 are larger than plaques formed on L.
cremoris 3107.
c Turbid plaques with variable size.ere allowed to adsorb to the immobilized cells. After
inding of primary anti-TP901-1 and secondary antibod-
d
tes, the adsorption of the phages was detected pho-
ometically in a microtiter plate reader. The calculated
verage values from three independent assays were
lotted against the phage dilution factors (Figs. 2A and
C). The limit of detection in the adsorption ELISA for
P901-1 was at a dilution factor of 3.9•1026, correspond-
ing to 4•106 PFU/ml. The number of phages present in
ach sample was quantified by coating phages onto
icrotiter plates followed by binding of primary and sec-
ndary antibodies. The calculated average values from
hree independent assays were then plotted against the
hage dilution factors (Figs. 2B and 2D). The results in
ig. 2A clearly show that the wild-type phage adsorbs far
etter than any of the phages containing mutations in orf
mp. No adsorption was detected for TP901-1(tmpDC),
ven though the phage sample contained more phage
articles than present in the wild-type sample (Fig. 2B).
he TP901-1(tmpam) sample also contained more
hages than the wild-type sample (Fig. 2B) but had a
ower adsorption (Fig. 2A). The sample of TP901-
(tmpam) induced in the presence of pAK89 contained a
maller number of phages than the wild-type sample
Fig. 2B) and had a reduced adsorption (Fig. 2A), al-
hough the adsorption efficiency was relatively higher
han that for TP901-1(tmpam) induced without pAK89.
Thus, the construction of an amber mutation or an
nframe deletion in the 39-terminal part of the putative tail
ene orf tmp reduced the adsorption efficiency of
P901-1 and therefore also the infection efficiency of L.
remoris 3107.
The effect of introducing an amber mutation or an
nframe deletion in the putative baseplate gene orf bpp
as also determined. Prophages were induced with or
ithout the presence of the amber suppressor plasmid
AK89 and titrated on the indicator strain L. cremoris
107. TP901-1 with an amber mutation, TP901-1(bppam)
r an inframe deletion, TP901-1(bppD) in orf bpp show a
05–107 reduced infection efficiency compared to the
ild-type phage (Table 2). The number of PFU/ml was
ndependent of the presence of pAK89 (Table 2) or
FDi18 (data not shown) in the lysogenic strain and in
he indicator strain, indicating that the amber mutation
ould not be suppressed by these suppressor plasmids.
hese results show that an amber mutation or an inframe
eletion in orf bpp reduces the infection efficiency of
P901-1 to L. cremoris 3107, indicating that ORF BPP, like
RF TMP, is important for the infection process.
A phage adsorption ELISA was performed in order to
etermine whether the reduced infection efficiencies of
P901-1(bppam) and TP901-1(bppD) were caused by re-
uced adsorption efficiencies to the indicator strain. The
dsorption of TP901-1 containing an amber mutation or
n inframe deletion in orf bpp was determined (Fig. 2C)
nd the number of phages was quantified (Fig. 2D). No
etectable adsorption was observed for any of the mu-
ated phages (Fig. 2C), although phages were present in
(
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p
m
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319MUTATIONAL ANALYSIS OF TWO STRUCTURAL GENES OF PHAGE TP901-1all samples (Fig. 2D). The results show that the putative
baseplate protein ORF BPP is necessary for adsorption
of TP901-1 to the indicator strain L. cremoris 3107 and
therefore also for infection.
Virion morphology of wild-type and mutated TP901-1
phages
Wild-type and mutant phage samples were examined
by electron microscopy to determine the morphology of
the phage virions. Electron microscopy of wild-type
TP901-1 revealed an isometric-headed phage with a long
flexible tail connected to a double-disc baseplate struc-
ture onto which small fibers were attached (Fig. 3A). The
tail length of TP901-1 was determined to be 135 nm.
Electron micrographs of TP901-1 containing mutations
in the putative tail protein ORF TMP revealed mainly
FIG. 2. Phage adsorption and phage quantification by ELISA mea
adsorption of TP901-1 and TP901-1 with mutations in the tape measure
L. cremoris 3107. Serial dilutions of phages were assayed on L. cremoris
indicated the amount of phage adsorbed to the cells. (A) The OD492 valu
8 ), TP901-1(tmpam) (n ), and TP901-1(tmpam) induced with the suppres
actors of TP901-1 (F), TP901-1(bppD) (E), TP901-1(bppam) (2), and T
hage ELISA was used to determine the relative number of phage com
icrotiter plates and assayed. (B) The color development measured
1(tmpDC) ( 8 ), TP901-1(tmpam) (n ), and TP901-1(tmpam) induced with
OD492 was plotted against phage dilution factors of TP901-1 (F), TP9
uppressor plasmid pAK89 (}).phage head structures without tails. TP901-1(tmpam) re-
vealed approximately 15% wild-type looking phages withtails and many phage head structures, some of which
contained DNA (Fig. 3B). The fraction of phages looking
like wild-type was increased to about 40% when TP901-
1(tmpam) was induced in the presence of the amber
suppressor. The presence of phages looking like wild-
type in TP901-1(tmpam) samples could indicate leaki-
ness of the amber mutation.
Electron micrographs of TP901-1(tmpDC) revealed
mainly phage head structures without tails (Fig. 3C).
However, a few phages containing tails were also ob-
served. The electron micrographs of TP901-1(tmpDN)
and TP901-1(tmpdup) also revealed mainly phage head
structures without tails. However, an important observa-
tion is that some TP901-1(tmpDN) phages contained
short tail structures of 85–95 nm (Fig. 3D) and some
TP901-1(tmpdup) phages contained long tail structures
nts. A phage adsorption ELISA was used to determine the relative
rf tmp (A), and in the baseplate gene, orf bpp (C), to the indicator strain
oated onto microtiter plates. The color development measured at OD492
plotted against phage dilution factors of TP901-1 (F), TP901-1(tmpDC)
smid pAK89 (). (C) The OD492 values are plotted against phage dilution
bppam) induced with the suppressor plasmid pAK89 (}). (B and D) A
ts in the phage dilutions. Serial dilutions of phages were coated onto
92 was plotted against phage dilution factors of TP901-1 (F), TP901-
pressor plasmid pAK89 (). (D) The color development measured at
pD) (E), TP901-1(bppam) (2), and TP901-1(bppam) induced with thesureme
gene, o
3107 c
es are
sor pla
P901-1(
ponen
at OD4
the supof 170–180 nm (Fig. 3E).
The differences in protein compositions of wild-type
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321MUTATIONAL ANALYSIS OF TWO STRUCTURAL GENES OF PHAGE TP901-1and mutated TP901-1 virions were analyzed by SDS–
PAGE. In TP901-1 proteins with masses of 72, 52, 35, 31,
25, 23, 19, 16, and 12 kDa were observed (Fig. 4A, lanes
1 and 7), which is in accordance to a previous study
(Johnsen et al., 1995). Furthermore, minor proteins with
asses of 70 and 68 kDa were also detected. Identifi-
ation was previously made of the 72-kDa protein as part
f a neck passage structure, the 31-kDa protein as the
ajor head protein, the 23-kDa protein as the major tail
rotein, and the 19-kDa protein as a baseplate compo-
ent (Johnsen et al., 1995).
SDS–PAGE and Western blot analysis with anti-
TP901-1 antibodies showed that TP901-1(tmpam) has a
protein pattern similar to the wild-type protein pattern,
except that the minor proteins of 70 and 35 kDa were not
detected and the 23-kDa major tail protein and the 19-
kDa baseplate protein were present in only small
amounts (Fig. 4, lane 5). However, when TP901-1(tmpam)
was induced in the presence of the amber suppressor,
increased amounts of the proteins of 70, 35, 23, and 19
kDa were observed (Fig. 4, lane 6), which agrees with the
observation of increasing numbers of phages with tail
structures. TP901-1(tmpDC) did not contain detectable
amounts of the 70-, 35-, and 23-kDa proteins (Fig. 4, lane
4), while TP901-1(tmpDN) and TP901-1(tmpdup) both had
the 35-, 23-, and 19-kDa proteins, although in reduced
quantity compared with the wild-type (Fig. 4, lanes 2 and
3). Furthermore, in Western blots of TP901-1(tmpdup) an
FIG. 4. Virion protein profiles of TP901-1, TP901-1(tmpdup), TP901-1(t
the suppressor plasmid pAK89 and corresponding Western blots. (A
anti-TP901-1 antibody preparation. Lane M, marker; lane 1, TP901-1; lan
5, TP901-1(tmpam); lane 6, TP901-1(tmpam) induced with the suppress
and molecular masses of marker proteins given in kDa. Numbers betw
FIG. 3. Electron micrograph of phage TP901-1. (A) and (A1) The wild-t
tail tube of 135 nm. At the tail distal end a double-disc baseplate struc
mutation in orf tmp showed full and empty head structures along with
n the 39-terminal part of orf tmp showed mostly phage head structure
nframe deletion in the 59-terminal part of orf tmp showed many phage
(E1) TP901-1(tmpdup) containing a duplication in the 59-terminal part
structures of 170–180 nm. (F) Electron micrographs of TP901-1(bppD
baseplate structure. TP901-1(bppam) and TP901-1(bppam) induced with the su
shown). The bar in (E) represents 200 nm.extra immunogenic protein band of approximately 92
kDa was detected (Fig. 4B, lane 2). Combining the results
from electron micrographs with those from SDS–PAGE
and Western blots indicates that the proteins of 70 and
35 kDa are tail-related proteins, as are the 23- and
19-kDa proteins. The orf tmp was proposed to encode a
protein of 100 kDa. However, no proteins of that size
were observed on SDS–PAGE.
The virion analysis showed that ORF TMP is essential
for assembly of the TP901-1 phage tail and that introduc-
tion of an amber mutation, a duplication, or inframe
deletions in TP901-1 orf tmp result in production of
mainly phage head structures that are unable to adsorb
to and infect the indicator strain L. cremoris 3107. How-
ever, by introducing an inframe deletion or a duplication
of 29% in the N-terminal part of ORF TMP, phages with
approximately 30% reduced or lengthened tail structures
were observed in the electron microscope.
Electron micrographs of TP901-1 containing mutations
in the putative baseplate gene, orf bpp, revealed phages
lacking the baseplate structure (Fig. 3F). TP901-1(bppam)
induced in the presence of the amber suppressor was
also lacking the double-disc baseplate structure, indicat-
ing that the amber suppressor did not suppress the
amber mutation.
Virion protein patterns from TP901-1 containing muta-
tions in ORF BPP appeared similar to those of the wild-
type when analyzed by SDS–PAGE (Fig. 5A, lanes 1 to 3).
, TP901-1(tmpDC), TP901-1(tmpam), and TP901-1(tmpam) induced with
r-stained air-dried 4–12% polyacrylamide gel. (B) Western blot with
901-1(tmpdup); lane 3, TP901-1(tmpDN); lane 4, TP901-1(tmpDC); lane
mid pAK89; lane 7, TP901-1. Numbers to the left indicate the positions
e Fig.s indicate molecular masses of virion proteins given in kDa.
01-1 phage consists of an isometric head connected to a long flexible
ith small fibers is observed. (B) TP901-1(tmpam) containing an amber
e looking phages. (C) TP901-1(tmpDC) containing an inframe deletion
only few wild-type looking phages. (D) TP901-1(tmpDN) containing an
structures and some phages with tail structures of 85–95 nm. (E) and
mp showed many phage head structures and some phages with tail
ed phages with isometric heads and long flexible tails lacking thempDN)
) Silve
e 2, TPype TP9
ture w
wild-typ
s and
head
of orf t
) showppressor plasmid pAK89 also lacked the baseplate structure (data not
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322 PEDERSEN ET AL.However, Western blot analysis reveals that TP901-1 with
mutations in ORF BPP all lack a strongly immunogenic
19-kDa protein band (Fig. 5B, lanes 2 and 3). When
TP901-1(bppam) was induced in the presence of the
amber suppressor the amount of the 19-kDa protein did
not increase (data not shown), indicating that the amber
suppressor did not suppress the introduced amber mu-
tation. The observation that TP901-1 with mutations in
ORF BPP has a detectable 19-kDa protein on silver-
stained SDS–PAGE gels but not on Western blots (Fig. 5,
lanes 2 and 3) indicates the presence of two proteins of
19 kDa, one of which is highly immunogenic. By combin-
ing the results of the electron micrographs with the
results obtained from SDS–PAGE and Western blots it is
shown that orf bpp encodes a highly immunogenic 19-
kDa protein important for assembly of the TP901-1 base-
plate structure. The introduction of an amber mutation or
an inframe deletion in orf bpp from TP901-1 resulted in
production of phages lacking the baseplate structure.
These phages were unable to adsorb to and infect the
indicator strain L. cremoris 3107.
DISCUSSION
Two putative structural genes of the temperate lacto-
occal phage TP901-1 were examined by mutational
nalysis and the effect on the infection and adsorption
fficiencies to L. cremoris 3107 were examined, as were
the virion morphologies of the phages.
Sequence analysis of orf tmp revealed a large open
reading frame of 2814 bp deduced to encode a protein of
100 kDa. The ORF TMP protein showed sequence ho-
mology to large, late transcribed proteins of the lacto-
coccal phages r1t and sk1 and to several proteins from
FIG. 5. Virion protein profiles of TP901-1, TP901-1(bppD), and TP901-
(bppam) and corresponding Western blots. (A) Silver-stained air-dried
2% polyacrylamide gel. (B) Western blot with anti-TP901-1 antibody
reparation. Lane M, marker; lane 1, TP901; lane 2, TP901-1(bppD); lane
, TP901-1(bppam). Numbers to the left indicate the positions and
olecular masses of marker proteins given in kDa. Numbers between
he Fig.s indicate the molecular masses of virion proteins given in kDa.unrelated phages of E. coli, S. aureus, S. thermophilus,
and B. subtilis. Several of these putative proteins havebeen proposed to be minor structural tail proteins and it
can be speculated that all of these proteins, including
ORF TMP from TP901-1, are minor structural tail proteins
with similar functions. Furthermore, Lucchini et al. (1998)
compared the structural gene maps of phages from
gram-positive and -negative bacterial hosts and revealed
a common genomic organization among the phages and
proposed that the gene map from l phage could be used
o predict gene functions in other phages. In the align-
ent performed by Lucchini et al. (1998) the l phage
major head and tail proteins, gpD and gpV, were located
at the same positions as the major head and tail pro-
teins, MHP and MTP, of phage TP901-1. To support this
alignment minor sequence homology had been ob-
served between MTP and gpV (Johnsen et al., 1996).
Furthermore, we observed that the “slippery sequence,”
G.GGA.AAG., located in l phage between orf G and orf T,
esulting in a translational frameshift (Levin et al., 1993)
as also present in the TP901-1 phage genome imme-
iately upstream of orf c2 (data not shown). According to
his alignment orf tmp from TP901-1 was located at the
ame position as gene H of l phage, suggesting that orf
tmp functions as a tape measure protein.
Specific mutations were introduced in orf tmp in order
to determine the function of this orf. All TP901-1 phages
with mutations in orf tmp have a reduced amount of the
23-kDa major tail protein and the 19-kDa baseplate pro-
tein and consist of mainly phage head structures. These
observations explain the reduced infection and adsorp-
tion efficiencies of the mutated phages and indicate that
ORF TMP is an essential tail protein important for as-
sembly of the phage tail. The introduction of an amber
mutation in orf tmp resulted in the production of mainly
phage head structures; however, approximately 15% of
the phages had tail structures. The presence of wild-type
looking phages in TP901-1(tmpam) samples indicate
leakiness of the amber mutation and may be explained if
L. cremoris 3107 and L. cremoris 901-1 contain natural
suppressors that can overcome the introduced amber
mutation, or if the ribosomes can attach and initiate
translation at a location downstream of the amber codon,
thereby producing a slightly shorter but still functional
protein, or finally if “ORF TMP-like” proteins able to com-
plement the formation of phage virions are produced by
L. cremoris 901-1. The amber mutation in orf tmp was
suppressed by the amber and ochre nonsense suppres-
sors, indicating that the aspargine at codon 16 in ORF
TMP can be substituted with a serine or a glutamine.
Electron micrographs of TP901-1(tmpDN) and TP901-
1(tmpdup) revealed few phages with tail structures. The
inframe deletion and the duplication in the 59-terminal
part of orf tmp shortened and lengthened ORF TMP,
respectively, by 29%. TP901-1(tmpDN) and TP901-1(tmp-
dup) phages with tail structures had tail lengths of
85—95 and 170–180 nm, respectively, which corre-
sponds to a reduction or lengthening of the tail structure
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length of 135 nm. The tail length of l phage corresponds
to the length of the gpH tape measure protein and in
order to cover the 135-nm-long tail, gpH of 853 amino
acids would need an a-helical structure covering 0.15 nm
er amino acid. By deleting or forming small duplications
n the middle part of gene H of l phage it was shown that
he length of the phage tail was proportional to the size
f the gpH protein (Katsura and Hendrix, 1984; Katsura,
987, 1990; Hendrix, 1988). We found a strong correlation
etween the ORF size and the tail length in the TP901-1
utants. The TP901-1 ORF TMP of 937 amino acids was
redicted to have a highly a-helical secondary structure
and to be large enough to stretch the TP901-1 tail length
of 135 nm, while ORF TMPDN of 668 amino acids and
ORF TMPdup of 1208 amino acids are large enough to
stretch tail lengths of 85–95 and 170–180 nm, respec-
tively. The strong sequence homology observed between
the C-terminal part of ORF TMP and ORF 42 from
TP901-1 and r1t, respectively, could indicate that the
C-terminal part of ORF TMP, like the C-terminal part of l
gpH (Hendrix, 1988), functions by binding other tail pro-
teins and is involved in a proteolytic process necessary
for tail assembling. A deletion of the C-terminal part of
gpH of l phage has been shown to produce phage head
structures (Katsura, 1990), as observed when a C-termi-
nal part of TP901-1 ORF TMP is deleted. These results
strongly suggest that orf tmp is involved in the tail length
determination of phage TP901-1.
Virion analyses of TP901-1 phages with mutations in
orf tmp revealed mainly phage head structures and a
lack of or reduced amounts of the 70-, 35-, 23-, and
19-kDa proteins, indicating that these four proteins par-
ticipates in the formation of the TP901-1 tail structure.
The ORF TMP has an estimated size of 100 kDa; how-
ever, no protein band of that size was observed by
SDS–PAGE or Western blots. It is possible that the 70-
kDa protein lacking in all the mutated phages represents
a processed form of the deduced 100-kDa protein en-
coded by orf tmp and it could be speculated that the
mmunogenic 35-kDa protein represents the cleavage
roduct. When comparing ORF TMP with gpH of l phage
it is noteworthy that the C-terminal part of l gpH actually
s proteolyticaly cleaved before attachment of tails to
eads (Hendrix and Casjens, 1974). If the 70-kDa protein
and represents a processed form of the orf tmp gene
roduct an increase of ORF TMP with 29% would pro-
uce a protein of 90 kDa, which correlates well with the
bserved immunogenic 92-kDa protein band in Western
lots of TP901-1(tmpdup) phages.
Based on the results obtained in this study it seems
ikely that ORF TMP is an essential minor tail protein
mportant for the stability and assembly of the phage tail
nd like gpH of l phage is involved in tail length deter-mination. It can be speculated that ORF TMP, like gpH, is
part of an initiation complex necessary for polymerizationof the major tail protein, MTP, and during polymerization
of the tail proteins, ORF TMP stretches the length of the
tail and, in a way not yet known, regulates the tail length.
Furthermore, it is possible that the gene products from
phages showing sequence homology to ORF TMP (Table
1) are minor tail proteins involved in tail length determi-
nation since a correlation between the phage tail length
and the length of these putative tail proteins can be
observed (Table 1).
Sequence analyses of the baseplate coding region of
the TP901-1 genome identified orf bpp deduced to en-
code a protein of 17 kDa. The ORF BPP showed se-
quence homology to MP1, a 19-kDa structural protein of
the lactococcal phage Tuc2009, and to the C-terminal
part of ORF 1904, a structural gene from the lactococcal
phage BK5-T. It is noteworthy that all three phages have
baseplate structures.
The mutations introduced in orf bpp resulted in
phages lacking the baseplate structure and analysis of
the phage virions by SDS–PAGE and Western blots
showed a protein pattern similar to the wild-type TP901-1
pattern except for the absence of a highly immunogenic
19-kDa protein band. Based on the results obtained in
this study and on previous results (Johnsen et al., 1995)
we conclude that the orf bpp encodes the highly immu-
nogenic 19-kDa protein band. The mutated phages were
mainly noninfectious phages, showing that ORF BPP is
involved in adsorption of phage TP901-1 to the indicator
cells either by binding directly to the indicator cells or by
binding other proteins involved in the phage–host inter-
action. The introduced amber mutation in orf bpp could
not be suppressed by the amber or ochre nonsense
suppressors. This inefficiency of the suppressors could
be caused by the exchange of aspartic acid at the intro-
duced amber codon for serine or glutamine, which may
influence the structure and/or function of the ORF BPP
protein. The orf bpp from TP901-1 encodes a protein that
functions as a structural component of the baseplate.
Apparently, ORF BPP is important for the formation of the
TP901-1 baseplate structure but not for the assembly of
the TP901-1 tail structure. It is possible that ORF BPP is
the main component or maybe the only structural protein
needed for the formation of the double-disc baseplate
structure.
By comparing the tail assembly pathway of the E. coli
l phage with the results obtained on phage TP901-1 in
his study a speculative model for assembly of the
P901-1 tail and baseplate structure is proposed (Fig. 6).
The tail assembly pathway of l phage proceeds from
the tail distal end to the tail proximal end. Tail assembly
starts with the formation of an initiation complex onto
which the major tail protein(s) polymerize. The l phage
tail assembles in a sequential manner and a mutation in
one of the genes encoding a component of the initiator
complex will result in deficient tail assembly (Katsura
ip
T
t
1
0
g
f
s
p
P
a
might
324 PEDERSEN ET AL.and Ku¨hl, 1975; Ku¨hl and Katsura, 1975; Katsura, 1976a,b,
1983; Katsura and Tsugita, 1977; Hendrix, 1988).
Since TP901-1 with mutations in ORF BPP can produce
tail structures, it is clear that the TP901-1 baseplate and
tail structure are not assembled in a unidirectional, se-
quential manner but must have a branched baseplate
and tail assembly pathway. A speculative model for the
assembly of the TP901-1 tail and baseplate structure is
shown in Fig. 6. Several proteins or perhaps only ORF
TMP proteins are proposed to form an initiator complex
onto which the major tail proteins can assemble. It is
possible that orfs located immediately upstream or
downstream from orf tmp are involved in formation of the
nitiator complex like their l equivalent genes (Lucchini
et al., 1998). It can be speculated that the C-terminal part
of ORF TMP is involved in the formation of an initiator
complex, while the N-terminal end inhibits termination of
the major tail protein polymerization when the tail length
is too short. After assembly of the tail tube, the phage
head structure can be joined. The ORF BPP and possibly
other proteins transcribed from orfs upstream from orf
bpp can be assembled independently and joined to the
initiation complex, the initiator–tail structure, or the tail–
head structure. This baseplate–tail assembly model for
TP901-1 is speculative and further studies will be needed
to determine the exact assembly pathway.
MATERIALS AND METHODS
Bacteria, plasmids, and phages
Bacterial strains, plasmids and phages used in this
work are listed in Table 3. E. coli strains were grown with
agitation at 37°C in Luria-Bertani (LB) broth. E. coli was
made competent with CaCl2 and transformed as de-
scribed by Sambrook et al. (1989). 50 mg/ml chloram-
FIG. 6. A speculative model for the tail and baseplate assembly pathw
proteins encoded by genes located upstream of orf tmp, are propose
assemble. After assembling of the tail structure the head structure can
proteins, is apparently not necessary in the tail assembly pathway and
initiator–tail structure, or the head–tail structure.henicol (Cam), 8 mg/ml tetracycline (Tet) or 100 mg/ml of
ampicillin (Amp), 40 mg/ml of 5-bromo-4-chloro-3-indolyl-b-D-Galactopyronoside (X-Gal) and 1 mM isopropyl-b-D-
hiogalactoside (IPTG) were added when required.
Lactococcus strains were grown in M17 medium con-
aining 0.5% glucose (GM17) (Terzaghi and Sandine,
975). Bacto agar was used at 1.5% in solid media and
.7% in top agar. L. lactis ssp. cremoris strains were
rown in GM17 containing 0.2 M sucrose and trans-
ormed by electroporation according to the method de-
cribed by Holo and Nes, (1989) and 2 mg/ml Tet or 5
mg/ml Cam was added when required.
The temperate bacteriophage TP901-1 was induced
from L. lactis ssp. cremoris 901-1 by use of UV-light
essentially as described by Christiansen, et al., (1994).
After UV-induction phage titers were determined on
GM17 containing 5 mM CaCl2 as described by Terzaghi
and Sandine, (1975). Phages were further purified by
CsCl step gradients as described for bacteriophage l
(Sambrook et al., 1989).
DNA manipulations
Extraction of chromosomal DNA was performed as
described by Johansen and Kibenich, (1992). Plasmid
DNA from E. coli and L. cremoris was isolated by the
alkaline lysis technique or with QIAGEN columns as
recommended by the supplier (QIAGEN Ltd., Hilden, Ger-
many). L. cremoris were treated with 20 mg of lysozyme
er ml for 20 minutes at 37°C before alkaline lysis.
hage DNA was extracted from purified phage particles
s described for l (Sambrook et al., 1989). Restriction
endonuclease enzymes, Vent DNA polymerase, T4 DNA
polymerase and buffer systems were supplied by New
England Biolabs. The Pfu DNA polymerase was provided
by Stratagene. Shrimp alkaline phosphatase was pro-
vided by Amersham Pharmacia Biotech. All enzymes
hage TP901-1. The tape measure protein, ORF TMP, and perhaps other
rm an initiation complex onto which the major tail protein, MTP, can
ed. The baseplate structure, consisting of ORF BPP and perhaps other
be assembled independently and joined to the initiation complex, theay in p
d to fo
be joinwere used as recommended by the supplier. PCR were
performed using Vent or Pfu DNA polymerase and the
n orf bp
325MUTATIONAL ANALYSIS OF TWO STRUCTURAL GENES OF PHAGE TP901-1PCR products were purified using the DNA and Gel Band
Purification Kit (Amersham Pharmacia Biotech).
DNA sequences were determined according to
Sanger et al. (1977) using the Thermosequenase fluores-
cent labelled primer cycle sequencing kit from Amer-
sham Pharmacia Biotech. Sequence reactions were ana-
lysed using an ALF Express automated sequencer (Am-
ersham Pharmacia Biotech). Primers were obtained from
DNA Technology (Århus, Denmark).
Sequence analysis
The sequenced regions were analysed and putative
orfs were identified if they began with the initiation
codons AUG, GUG or UUG and were preceded by a
ribosome binding site or could be translationally coupled
to a preceding orf. Database searches were performed
by using the FASTA, TFASTA and BLAST programs, and
sequence alignments were performed by using the
BESTFIT and PRETTY programs all parts of the Genetic
Computer Group (GCG) sequence package from the Uni-
versity of Wisconsin version 9.1 (Devereux et al., 1984).
T
Bacterial Strains, Plasmids
Strains, plasmids, and
phages Relevant
E. coli
JM105 thi rpsL endA sbcB15 hspR4 D(lac-
XL1-Blue MRF9 D(mcrA)183 D(mcrCB-hsdSMR-mrr)
relA1 lac[F9 proAB lacIqZDM15 T
Lactococcus lactis spp
cremoris 901-1 Lysogenic for TP901-1
cremoris 3107 Indicator strain for TP901-1 and lys
cremoris 3107 1 pAK89 Indicator strain for TP901-1 contain
cremoris 3107 1 pFDi18 Indicator strain for TP901-1 contain
Plasmids
pBluescript IISK1 lacZ, bla
pGEM5zf(2) lacZ, bla
pGEM7zf(1) lacZ, bla
pG5f1, pG5f5 From pGEM5zf(2)::EcoRV TP901-1
pG5f5D pGEM5zf(2)::EcoRV–ClaI subclone
pS40C3 pCI3340::TP901-1 ClaI fragment 3
pG5f1(D) pG5f1 containing a 1.1 kbp StyI de
pG7f1H A 4.4-kb HindIII fragment from pG5
pAK89 supD amber suppressor, cat
pFDi18 subB ochre suppressor, cat
pGhost8 Ts derivative of pGK12 with pWV01
Phages
TP901-1 Temperate, small isometric-headed
TP901-1(tmpam) TP901-1 with an amber mutation in
TP901-1(tmpDC) TP901-1 with an inframe deletion i
TP901-1(tmpDN) TP901-1 with an inframe deletion i
TP901-1(tmpdup) TP901-1 with a duplication in the 5
TP901-1(bppam) TP901-1 with an amber mutation in
TP901-1(bppD) TP901-1 with an inframe deletion iThe Secondary structure of ORF TMP was predicted
using the PredictProtein PHD program of EMBL- Heidel-berg (Rost and Sander, 1993 and 1994). Sequence data of
the TP901-1 loci have been assigned GenBank database
accession numbers AF252967 for orf tmp and AF252968
for orf bpp.
Construction of specific mutations
An amber mutation and a SpeI restriction site were
introduced in orf tmp using primers with specific mis-
matches. Primers HIPfor1 and HIPrev1* (Table 4) were
used to amplify a 1.7 kbp fragment and primers HIPrev2
and HIPfor2* (Table 4) were used to amplify a 1.5 kbp
fragment from pG5f1. Purified PCR products were di-
gested with SpeI-HindIII and SpeI-ApaI, respectively,
cloned in HindIII-ApaI digested pGEM7-zf(1) and trans-
formed in E. coli XLI-Blue MRF9. The resulting 3.2 kbp
fragment was sequenced, ligated into the pGhost8 vec-
tor and transformed into E. coli JM105 grown at 28°C.
Purified pGhost8 plasmid containing the tmpam frag-
ment was then transformed in L. cremoris 901-1.
An inframe deletion in the 39-terminal part of orf tmp
was constructed by deleting a 1.1 kbp StyI fragment from
hages Used in This Study
teristics Reference
[F9 traD36, proAB, lacIqZDM15] Yanisch-Perron et al. (1985)
dA1 supE44 thi-1 recA1 gyrA96
tr)]
Stratagene
Braun et al. (1989)
for TP3107 Braun et al. (1989)
K89 This study
Di18 This study
Stratagene
Promega
Promega
Christiansen et al. (1994)
f5 Provided by M. Johnsen
This study
This study
ed in pGEM7 This study
Dickely et al. (1995)
Dickely et al. (1995)
on; tet Biswas et al. (1993)
Braun et al. (1989)
p This study
9-part of orf tmp This study
9-part of orf tmp This study
f orf tmp This study
p This study
p This studyABLE 3
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326 PEDERSEN ET AL.resulting plasmid, pG5f1(D), was digested with EcoRV-
bsI and a 4 kbp fragment was cloned into the EcoRV
ite of the pGhost8 vector. The pGhost8 vector contain-
ng the tmpDC insert was transformed in L. cremoris
01-1.
An inframe deletion removing 29% of the 59-terminal
art of orf tmp was constructed by deleting 270 codons
from codon 214 to codon 484. Primers HIPdelfor and
F11overlap (Table 4) were used to amplify a 1.1 kbp
fragment from pG5f1. This fragment was digested with
PstI and StuI and cloned in purified pG7f1H digested with
PstI and StuI. The pG7f1H was constructed by cloning a
4.4 kbp HindIII fragment from pG5f1 in pGEM7. The
tmpDN insert was cloned in the pGhost8 vector and
transformed in L. cremoris 901-1.
A duplication lengthening orf tmp with 29% in the
5-terminal part was constructed by inserting 270 codons
(codons 214 to 484) after codon 214 in orf tmp. Primers
HIPdupfor and HIPduprev were used to amplify a 0.8 kbp
fragment from pG5f1. This fragment was digested with
PstI and cloned in pG7f1H digested with PstI and treated
with alkaline phosphatase. The tmpdup insert was trans-
ferred to the pGhost8 vector and transformed in L. cre-
moris 901-1.
An amber mutation and a SpeI restriction site were
introduced in orf bpp using primers with specific mis-
matches. Primers BPfor1 and BPrev1* (Table 4) were
used to amplify a 1.1 kbp fragment from pG5f5D; while,
primers BPfor2* and BPrev2 (Table 4) were used to
amplify a 0.9 kbp fragment from pS40C3. The two PCR
T
Primers Used for Construction of Specif
The orf tmp amber mutation
HIPfor1
HIPrev1* (SpeI)
HIPfor2* (SpeI)
HIPrev2 (ApaI)
The 59-terminal inframe deletion in orf tmp
HIPdelfor (PstI)
F11overlap
The orf tmp duplication
HIPdupfor
HIPduprev (PstI)
The orf bpp amber mutation
BPfor1 (XhoI)
BPrev1* (SpeI)
BPfor2* (SpeI)
BPrev2 (PstI)
The orf bpp inframe mutation
BPinf1 (BamHI)
BPinf2A (BamHI)
BPinf2B (PstI)
Note. Mismatch nucleotides according to the complementary regi
ndicated after primer name.fragments were digested with SpeI-XhoI and SpeI-PstI,
respectively, cloned in pGEM7-zf(1), transferred to thepGhost8 vector as described above and transformed in
L. cremoris 901-1.
An inframe deletion in orf bpp was constructed using
primers with specific mismatches introducing a BamHI
restriction site. Primers BPinf1 and BPfor1 (Table 4) were
used to amplify a 1.1 kbp fragment from pG5f5D and
primers BPinf2A and BPinf2B were used to amplify a 1.7
kbp fragment from pS40C3. The two PCR fragments were
purified, digested with BamHI-XhoI and BamHI-PstI, re-
spectively, cloned in pGEM5-zf(1), transferred to the
pGhost8 vector as described above and transformed in
L. cremoris 901-1.
The wild-type phage allele was exchanged with the
mutated allele by homologous recombination using the
pGhost8 plasmid containing a mutated allele essentially
as described by Biswas et al. (1993). The lactococcal
strains containing the test plasmids were grown for two
days at 28°C in the presence of 2 mg/ml Tet and 1% NaCl
and then diluted 100 fold in the same media and grown
at 28°C for 3 hours and then 3 hours at 37°C. The culture
was plated on GM17 agar containing 2 mg/ml Tet and 1%
NaCl at 37°C. The presence of 1% NaCl in the media
allow growth of L. cremoris 901-1 after 3–5 days at 37°C
(Kilstrup and Hammer, 2000). After excision of the
pGhost8 plasmid at 28°C colonies were transferred to
GM17 agar containing 1% NaCl at 37°C for 3–4 days in
order to lose the pGhost8 plasmid and then to GM17
agar at 30°C with or without Tet to identify Tet sensitive
colonies.
Lactococcal strains containing mutated phage alleles
tions in orf tmp and orf bpp of TP901-1
59-CAGCTTATAATGAGCAAAAAGGCG-39
59-CTAACAAACTAGTTATCGGTAGCC-39
59-GGCTACCGATAACTAGTTTGTTAGTAC-39
59-CCATCCCAGGGCCCTTTAGCTCC-39
59-GCGTCCGCTGCAGCCGAAG-39
59-GCAATCATATCCCCCATTCCTG-39
59-GAAGAAGTATCTGCAGCAATCGG-39
59-CTTCGGCTGCAGCGGACGC-39
59-GACTTACTCGAGCGACTGGTCCGG-39
59-GATTGCTTCCAACTAGTCATTAATCG-39
59-CGATTAATGACTAGTTGGAAGCAATC-39
59-GGTTAATTTTACTGCAGAACCTGTTAAGTC-39
59-CAGAGTTGATTGGATCCAAATCATCAT-39
59-GTCAGTGGTTGGATCCAACTGCG-39
59-CATGTCCAACTGCAGCATTC-39
he TP901-1 genome are underlined. Introduced restriction sites areABLE 4
ic Mutawere identified by Southern blotting using the ECL (en-
hanced chemiluminescent detection) direct nucleic acid
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327MUTATIONAL ANALYSIS OF TWO STRUCTURAL GENES OF PHAGE TP901-1labelling and detection system according to the manu-
facturer’s instructions (Amersham Pharmacia Biotech).
Enzyme-linked immunosorbent assay
Phage adsorption was analysed by a direct phage
adsorption ELISA as described by Tortorello et al. (1986
and 1991). An exponential growing culture of L. cremoris
3107 was prepared and coated onto microtiter plates
(Maxisorp, A/S Nunc). A suspension of phage TP901-1 at
initial titer of 1012 plaque forming units per ml (PFU/ml)
as diluted 1:1000 and then serially 1:1 in phage dilution
uffer (6 mM CaCl2 and 137 mM NaCl) and transferred to
the assay plates. Addition of rabbit anti-TP901-1 serum
(Johnsen et al., 1995) was followed by swine anti-rabbit
gG conjugated to the enzyme horseradish peroxidase
Dako A/S). The degree of colour development was read
hotometrically after 15 minutes using a 492 nm filter in
he microtiter plate reader. Phage components were
uantified by coating the wells of the microtiter plate with
0 ml of the serial phage dilutions used in the phage
dsorption ELISA. The amount of phage components
ound to the microtiter plates was determined as de-
cribed by Tortorello et al. (1991).
DS–PAGE and Western blotting
CsCl purified phages were dialysed against 50 mM
ris-HCL (pH 8), 10 mM NaCl, 10 mM MgCl2. Phages
ontaining mutations in orf bpp were boiled for 15 min-
utes in SDS-PAGE gel-loading buffer (Sambrook et al.,
1989) before electrophoresis on 12% Tris-HCl Ready gels
(BioRad). Phages containing mutations in orf tmp were
repared and loaded on 4-12% Tris-Bis gels using MOPS
uffer as recommended by the supplier (Novex). Gels
ere silver stained using the silver staining kit from
mersham Pharmacia Biotech. The RainbowTM coloured
rotein molecular Weight marker (Amersham Pharmacia
iotech) served as protein markers. SDS-gel-separated
roteins were electroblotted onto polyvinylidene difluo-
ide (PVDF) membranes (ImmobilionTM-P, Millipore) using
Semi-Dry blotter (Kem-En-Tec A/s, Copenhagen, Den-
ark) as recommended or by using an electroblotter
rovided by Novex. Polyclonal rabbit anti-TP901-1 serum
as prepared by Johnsen et al. (1995). Indirect detection
f primary antibody reacting proteins was performed
ith swine anti-rabbit IgG conjugated to the enzyme
orseradish peroxidase (Dako A/S) and visualised using
he Western blot Chemiluminescence Reagent Plus kit
rom NENTM Life Science Products.
Electron microscopy
Dialyzed phages were allowed to attach to a 300- or
400-mesh carbon coated grid for 5 minutes. Liquid was
carefully removed and the preparations were negatively
stained in 2% uranyl acetate for 5 minutes. Air dried grids
were examined in a Phillips CM100 transmission elec-tron microscope at 80 kV and at an instrumental magni-
fication of 52.0003.
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